The marine planktonic diatom order Thalassiosirales are used as climate proxies with reported characteristic temperate and Polar species. However, a systematic analysis of the genetic variability and species limits is lacking. Here, we combined molecular and morphological approaches to identify Thalassiosirales from 7 Beaufort Sea sea-ice samples and 27 water-column samples collected from across the Canadian Arctic at different times of the year and the Scotia Shelf, North Atlantic in spring. While many species were found in both oceanic regions, there were two distinct Thalassiosirales communities: the first from sea ice and ice-influenced water columns and the second Arctic late summer and North Atlantic spring communities. Thalassiosirales formed genetically coherent Boreal-Arctic meta-communities, inclusive of intra-specific variants. Genetic similarity between the Arctic and North Atlantic meta-communities would be reinforced by counter-clockwise dominant surface current systems. Local patterns of spatial and temporal distributions of planktonic thalassiosiroids were best explained by latitudinal gradients and phosphate and silicate concentrations, suggesting that climate-mediated changes in Arctic and North Atlantic hydrography could have a marked effect on species distribution. Our analysis also revealed a need for taxonomic revision of several species complexes reported from the region before they can be reliably used as bio-indicators.
I N T R O D U C T I O N
The climate is rapidly warming, oceanic currents are at risk of becoming displaced and latitudinal thermal boundaries are being pushed outside century norms (Tremblay et al., 2008; Carmack et al., 2010) . Resulting changes in the Arctic and North Atlantic hydrography could have a marked effect on phytoplankton communities as species display different growth preferences and responses to temperature (Taylor et al., 2001) , salinity (Grant and Horner 1976; Moros et al., 2012) and nutrient supply rates (Lovejoy et al., 2004) . Using diatoms to identify ecological and environmental boundaries is attractive because there are extensive historical records of morphologically described species from both sediment cores and net tows. If diatoms are to be used as indicators of change, it is essential to accurately identify key Arctic species and document the current distribution of these species in both the Arctic and neighbouring northern latitude oceans. Such species may serve as indicators of developing trends with potential impacts on higherlevel food webs and carbon cycling (Grebmeier, 2012) .
Thalassiosirales are diverse and ecologically important members of the cold water, high latitude and boreal plankton communities; careful microscopic studies report up to 47 thalassiosiroids species from Arctic marine waters (M. Poulin, personal communication) . Their current delineation is based on a unique synapomorphy (fultoportula) while their species-level taxonomy is based on rich valve micromorphology, which lends itself to examination by scanning electron microscope (SEM). Consequently, members of this order are relatively well studied by classical taxonomists. Thalassiosirales species records in the Arctic, albeit based on light microscopy, date back at least the 1920s (Lovejoy et al., 2002) , making them a good target for monitoring environmental change. Several Thalassiosirales species are major constituents of spring blooms in the Arctic (Pitcher, 1990; von Quillfeldt et al., 2003; Arrigo et al., 2012) , while others are persistent members of the phytoplankton assemblage in the colder waters of the Pacific and Atlantic Oceans (Tomas, 1997) . Thalassiosirales also form resting stages (Hasle and Heimdal, 1968; Hargraves and French, 1975; Durbin, 1978; Tomas, 1997) and could survive longrange transport (McQuoid et al., 2002) through waters unsuitable for growth. Several Thalassiosira resting spores are used as proxies for delimiting paleo-oceanographic boundaries, and a better understanding of extant species distribution is needed for robust interpretation of the sediment record (Weckström et al., 2014) . Since resting stages could be trapped in sea ice (Hegseth and Sundfjord, 2008) or may be incorporated into ice via rafting, species in the sediments may not be representative of the latitude where they are found, as ice can be transported by currents after breakup.
The two major marine diatom habitats in Polar Regions are the water column, where diatoms are planktonic, and the sea ice, where they live in brine channels or attached to the bottom of the ice. Diatoms are major contributors to the photosynthetic biomass in both habitats (Horner and Schrader, 1982; Medlin and Hasle, 1990; von Quillfeldt, 2000) . Generally, sea-ice diatoms consist overwhelmingly of pennate diatom species (Melnikov, 1997; Comeau et al., 2013) , but some thalassiosiroids, notably Cyclotella spp., Thalassiosira decipiens and Thalassiosira nordenskioeldii, are reported from ice, though classified as rare or present only as resting stages (von Quillfeldt et al., 2003) . Thalassiosira nordenskioeldii is also found in the Arctic water column and is probably one of the most widely distributed cold water diatom species in the North Atlantic and adjacent seas (Bérard-Therriault et al., 1999) . This suggests that some thalassiosiroids may not be unique to the Arctic, and species that bloom during the Arctic summer could also contribute to north temperate spring populations in the following year(s). In contrast, other planktonic thalassiosiroids species have been considered typical for the Arctic (Tomas, 1997) implying the extension of Longhurst bioprovinces (Longhurst, 2006) and barriers to growth and dispersal between the Arctic and Atlantic Oceans. The goal of the study was to identify the distribution and species of Thalassiosirales in the two connected oceans.
Insufficient or incorrect identification of species (either morphologically or molecularly) can create a cascade of errors (Bortolus, 2008) . Given that older microscopy records of morphologically defined species (morphospecies) are poorly matched to 18 S rRNA gene records based on operational taxonomic units (OTUs), potential for errors interpreting the impact of climatic change on the distribution of species in Arctic waters is very real. The main aim of our work was to bridge the gap between valve morphology and DNA-identified species in environmental surveys reporting Thalassiosirales. We chose a phylogenetically well-defined order containing a large number of morphologically and genetically recognizable species. These are also ecologically important taxa, making them altogether the best suited diatom group for analysis by high throughput sequencing (HTS). We targeted the V4 region of 18 S rRNA to spatially and temporally refine and extend specific observational records over different regions and seasons in the High Arctic and the springtime North Atlantic. To augment the limited number of sequences supported by voucher specimens in established reference libraries that are correctly identified to species level (Luddington et al. 2012) , we used single-cell polymerase chain reaction (PCR) combined with post-PCR SEM to match morphological and phylogenetic signatures for the specimens encountered. We then investigated factors that may select for particular species and evaluated whether some species or their phylotypes could be used as indicators of local environments. In addition, we examined whether their genetics and distribution were consistent with oceanic boundaries between the Arctic and North Atlantic regions or alternatively whether Arctic spring or autumn populations were the same as the succeeding spring blooms of north temperate thalassiosiroids.
M E T H O D S Field collection: Sample collection and processing
Arctic sampling was carried out aboard the CCGS Amundsen in and around Amundsen Gulf (Beaufort Sea, Canada) from November 2008 to July 2009 as part of the International Polar Year, Circumpolar Flaw Lead (CFL) study (Barber et al., 2010; Terrado et al., 2011) . A second Arctic campaign (AN11) was carried out in October 2011, and samples were collected from Amundsen Gulf, the Canadian Arctic Archipelago, Baffin Bay and off the northern Labrador coast (Fig. 1 , Table I ). The Scotian Shelf and North Atlantic sampling was conducted aboard the CCGS Hudson in April 2009 along two transects, as part of the Atlantic Zone Monitoring Program (AZMP). The AZMP samples were collected at stations along the Halifax Line (HL) and the Browns Bank Line (BBL) as described by Dasilva et al. (2013) , who have previously published general results on major groups. In all, 12 water-column samples and 7 sea-ice samples from the CFL study, 8 stations from the AN11 cruise and 7 stations from the AZMP cruise were sequenced as described below (Table I ). The CFL Amundsen Gulf sea-ice samples (from six sites) were collected in March-May 2008 and general results from the whole community have been reported elsewhere (Comeau et al., 2013) . Here, we combined the reads from the bottom 0 to 300 and 300 to 600 mm of the cores except for sample F2-1-L, where only the bottom (0-300 mm) of the core was available. During the CFL Amundsen Gulf study, three of the sea ice samples were taken in the same region and within several days of two of the water-column samples (D41_L, D41_LS and D36; D32_L and D29). Geographic and station nomenclature for these data are as in Comeau et al. (2013) except for the under-ice slurp-gun sample, designated 41-1-LS in this study.
For the oceanographic samples, water was collected directly from Niskin or Niskin-type bottles mounted on rosette systems equipped with conductivity temperature and depth profilers and in situ chlorophyll fluorescence sensors as described earlier (Terrado et al., 2011; Dasilva et al., 2013) . All samples were taken from the upward cast after identification of subsurface chlorophyll maximum (SCM) on the downward casts, or for winter samples identification of the bottom of the polar mixed layer (PML) from the temperature and salinity (TS) profiles (Table II) . The SCM was chosen to maximize the biomass in the samples and to minimise the direct influence of diatoms that may have been released from sea ice due to ship activity. In the Beaufort Sea, including Amundsen Gulf, the SCM develops along the halocline at the bottom of the PML and is maintained by more saline water from the Pacific (Carmack and McLaughlin, 2011) . The aim was to sample the same water mass of origin throughout the year. For comparisons with the Amundsen Gulf samples, the SCM from the Canadian Arctic Archipelago, Baffin Bay and Scotia Shelf was also targeted. To collect planktonic DNA, water was passed through a 50-µm net to remove zooplankton, then 5-7 L of seawater were filtered through 3-µm pore size polycarbonate filters using a peristaltic pump system. An additional filter (0.22 µm Sterivex™ filter unit, Millipore™) was added to the DNA-collection protocol to capture smaller cells. Only the 3-µm filter was used for subsequent analysis of the AN11 Arctic samples and the AZMP Scotia Shelf Atlantic samples. For the CFL study, both size fractions were combined at the same ratio as chlorophyll a (Chl a) concentration in large (>3 µm) to small (0.2-3 µm) size fractions. The filters were frozen in buffer (Terrado et al., 2011; Dasilva et al., 2013) at −80°C.
For the AN11 cruise, the same filtration protocol was applied to the filters destined for single-cell PCR, except that the filters were placed into 95% ethanol until cell isolations. Additional single cells were isolated from net tows (20-µm mesh) carried out at the same stations as the DNA sampling during the AZMP cruise. These cells were preserved in ethanol until processing. For the CCGS Amundsen missions, nutrient samples were taken directly from the Niskin-type bottles as in Tremblay et al. (2008) . Nitrate (NO 3 and negligible concentrations of NO 2 − ), phosphate (PO 4 3− ) and silicate (SiO 4 4− ) concentrations were determined on board with a Bran and Luebbe Autoanalyzer III with routine colorimetric methods (Grasshoff et al., 1976 ) with a 0.03 mmol m −3 limit of detection for the three nutrients (Martin et al., 2012) . For the CCGS Hudson AZMP cruise, nutrient samples were also collected directly from the Niskin bottles and frozen at −20°C until analysis by colorimetric techniques using a segmented-flow autoanalyzer (Technicon AutoAnalyzer II) at the Bedford Institute of Oceanography (Mitchell et al., 2002; Li et al., 2010) . The values for silicate concentrations at the Amundsen Gulf station 405b 19 May 2008 and 405-10a 21 July 2008 were missing, and inferred from averages of all silicate values from the same depth in the Arctic samples (Lepš and Šmilauer, 2003) . Both of these stations were weighted less (0.85) during the statistical analyses.
Single-cell identification
For single-cell identifications, diatoms were first visualized and isolated using a micropipette method using a Zeiss Axiolab following Lang and Kaczmarska (2011) . Ten thalassiosiroid chains or cells were selected from each sample and were rinsed in sterile water and imaged (Zeiss Axiocam ICc3) before the PCR step used to amplify the V4 region of the 18 S rRNA gene (Table S1 ) and the internal transcribed spacer (ITS) region (Table S1 ). The ITS region was used to resolve species identity of single cells and reference cultures since this region exhibits higher divergence rates compared to the entire 18 S rRNA gene (Moniz and Kaczmarska, 2010; Luddington et al., 2012) and successfully detects multispecies complexes (Kaczmarska et al., 2014) . Two rounds of PCR were used for singlecell amplicons because the first round did not produce sufficient DNA for sequencing. Cycling conditions were an initial 2 min at 94°C followed by 35 cycles of 94°C for 20 s, 50°C for 30 s and 72°C for 45 s and finished with 72°C for 2 min. The second round used 1 µL of the first round PCR product as template using the same primers and cycling conditions as above. The single-cell PCR products were sequenced at McGill University, Génome Quebec Innovation Centre (3730xl DNA analyzer, Applied Biosystems). The Sanger traces were inspected and processed as in Luddington et al. (2012) .
Following single-cell amplification, diatom frustules were recovered from the initial PCR tubes and washed with sterile water, and post-PCR SEM was performed as in Lang and Kaczmarska (2011) . Specimens were identified based on morphological characteristics of their frustules (either in LM or SEM; morphospecies) following Syvertsen (1977) , Hasle (1978) , Tomas (1997) and primary literature when needed (Supplementary Text T1), and images vouchered to the DNA sequences recovered. To increase geographic coverage, additional single cells were isolated from two samples collected along the coast in 2011, Gibbs Fjord (24-m depth, 70°45.915 N; 72°15.871 W) on 21 October, and Station P-II-B (5-m depth, 69°40.57 N, 64°54.74 W) on 22 October. SEM and sequencing were also carried out on reference cultures kept at Mount Alison and from the National Center for Marine Algae (NCMA; cultures CCMP986, CCMP1020 and CCMP1064) as in Kaczmarska et al. (2005) , as required to resolve taxonomic affinity of specimens and/or sequences.
High-throughput amplicon sequencing
DNA was extracted and multiplex tag amplicon pyrosequencing targeting the 18 S rRNA gene V4 region with universal eukaryotic primers detailed in Comeau et al. (2011) . The degenerate forward primer E572F was based on the widely used Euk528A (Medlin et al., 1988) and the reverse primer E1009R was modified from the R1 primer in Brate et al. (2010) (Table S1 ). PCRs were performed as in Comeau et al. (2011) . The tagged amplicons were sequenced at the Université Laval Plateforme d'Analyses Génomiques using the 454-GS-FLX (Roche™). The resulting 450-500 bp reads were processed in mothur (Schloss et al., 2009) , including a step to remove low-quality reads (short reads, reads longer than target and reads with multiple Ns). Chimeras were detected with UCHIME run in mothur (Edgar et al., 2011) and removed. Initial read identification and alignment were carried out in mothur as in Comeau et al. (2011) . Briefly, all reads were clustered and classified using a custom 18 S rRNA database to identify Thalassiosirales. The reads belonging to Thalassiosirales were extracted from the larger datasets, and aligned within our species-specific Thalassiosirales reference database constructed from verified Thalassiosirales cultures and single cells, which included all verified sequences above. This characterbased identification approach ignores indels that may be due to pyrosequencing read errors (Balzer et al., 2010; Luddington et al., 2012) . Once aligned, the reads were clustered at the species level and the relative frequencies of species reads were used for subsequent regional comparative analysis. The raw highthroughput reads are deposited in the GenBank Short Read Archive under SRP058096 for AN11 and the Scotia Shelf reads, PRJNA283142 for CFL reads and SRA054160 for sea-ice reads. The 18S and ITS sequences from this study have been deposited in GenBank (Table S2) .
The successful single-cell PCR V4 reads from the environmental samples (above) were added to the counts from HTS where applicable. Species-read abundance was used as a proxy for cell counts, although we recognize that this is approximate (Amend et al., 2010) . To test for spatial and temporal relationships between thalassiosiroid species composition and the physical and chemical properties of their environment, a canonical correspondence analysis (CCA) was performed using Canoco 5 (Lepš and Šmilauer, 2003) . The CCA analysis was run on log transformed species-read count data. We tested downweighting of rare species, which was not significant and therefore was not applied to further analyses. The water column and the sea-ice community results were clustered using the Bray-Curtis hierarchical clustering method (Bray and Curtis, 1957) . Both the heat map and the clustering were performed using the R statistics package (R Development Core Team, 2008) .
R E S U L T S Environmental settings
Nutrients, Chl a and TS were determined from the same casts that were used for genetic analyses. Nitrate concentrations ranged from 0.5 to 10.6 mmol m , both of which tended to be greater in the Arctic compared to the Scotia Shelf (Table II) . Phosphate concentrations varied 4-fold from 0.5 to 2 mmol m −3 (Table II) . Temperatures ranged from −1.7 to +1°C in the Arctic and +1 to +4.7°C along the Scotia Shelf. Salinity varied moderately, with the minimum (29.2) from Victoria Straight (Station 312) where Amundsen Gulf flows into the Archipelago, and maximum (33.1) from the Greenland side of Baffin Bay (Station 115, Fig. 1 , Table II ).
Single-cell identification
Single-cell amplification was successful for 23 environmental specimens: Thalassiosira hyalina (1 chain), Thalassiosira gravida (2 chains), T. nordenskioeldii (3 chains), Shionodiscus bioculatus (12 cells) and Porosira glacialis (5 cells). Eight species were identified morphologically from the Arctic and seven of these were also seen in the Atlantic single-cell samples (Table III) . The sequences of the V4 region from single-cell amplifications were identical for each individual species identified by post-PCR SEM (Table S2) . We then amplified the more variable ITS region of the single-cell isolates and reference cultures to confirm taxonomic assignation and search for intra-specific polymorphisms among Arctic and North Atlantic specimens (Table S3) . Reference cultures available were either originally isolated from Bedford Basin and the Bay of Fundy (considered North Atlantic), or obtained from NCMA but originally isolated from the Arctic. These cultures were sequenced and imaged using the same protocols as for the environmental single-cell samples. In total, we successfully amplified the V4 region of 197 single cells, and of these 94 ITS sequences were also successful (representative designates are given in Table S3 ). We detected intra-specific divergences in five of the species (Table S3) . T. gravida (Fig. S1 ) showed two variants, with both found in the Arctic and the North Atlantic. Thalassiosira nordenskioeldii (Fig. S1) showed some divergence in the ITS region, with two variants often cooccurring in the same environmental samples in both the Arctic and North Atlantic. Three different variants of P. glacialis (Fig. S1) were recovered from the Arctic and North Atlantic (Table S4) . Finally, S. bioculatus (Fig.  S1 ) showed intra-specific divergence, with three ITS variants co-occurring in both the Arctic and North Atlantic. Interestingly, one S. bioculatus ITS sequence from Baffin Bay was markedly different from the other S. bioculatus, despite the V4 region being identical. However, this sequence was only recovered once (see Supplementary Text T1). All ITS sequences of T. hyalina (Fig. S1 ) from the Arctic and North Atlantic were identical, and for Thalassiosira anguste-lineata the North Atlantic sequences were identical but no Arctic sequences were recovered (Table S3) for either species.
High throughput sequencing
Following quality screening and chimera removal, we examined a total of 229 674 reads, of which 19 697 were identified as Thalassiosirales. For the Arctic, thalassiosiroids accounted 0.6-3.8% of reads from sea ice and 0-12% of reads from the Arctic SCM. Thalassiosiroids were not found in the February and early March samples collected as part of the 9-month CFL mission. Thalassosirales accounted for 0.7-54.5% of the reads from the April Scotia Shelf samples. In total, we genetically identified 21 species-level taxa using the character-based approach (Luddington et al., 2012) . Thirteen of these species were only recovered using HTS, but not using single-cell sequencing. Of the total, five species were exclusively from the Atlantic and three were only recovered from the Arctic (Table III) . Eleven of the 21 species were found in the sea-ice samples and of these, two were among those exclusive to the Arctic (Table III) . Among those identified both morphologically and genetically, five have been designated as voucher reference sequences since image vouchers were not available for these species (Supplementary Text T1 and Figs S1, S2 and S3) .
The thalassiosiroid communities clustered into two major groups (Fig. 2) . One group was represented by the samples collected from Amundsen Gulf from July to October and the April samples from the Scotia Shelf; we refer these as Summer Arctic and North Atlantic communities, which were essentially a boreal distribution. The second major group consisted predominantly of samples from the sea ice and from Amundsen Gulf samples that had been collected from November through June when sea ice was either forming or melting; we refer to them as Arctic ice-associated communities. Thalassiosiroids from Station 115 on the Greenland side of northern Baffin Bay collected mid-October also clustered with this ice-associated group (Fig. 2) .
Species in an environmental context and CCA ordination analysis
The ordination analysis of the diatom species composition and the relative sequence-read abundance data of water-column read data gave the total inertia (total variance) in the species data of 0.907. The first two ordination axes had eigenvalues of 0.2428 and 0.1197 and together explained 39.96% of the variance in the species data alone. In the fitted species data with respect to environmental variables, the first two axes explained 75.81% of the variance in the data. Both axes in the ordination were statistically significant with P = 0.006 for the first canonical axis and P = 0.002 for all canonical axes. A permutation test with a Holm correction showed that marginal effects of the environmental variables were significant (P = 0.012 each for latitude and temperature, 0.016 for phosphate and 0.024 for silicate).
Conditional (partial) effects tested using a blind forward selection with a Holm correction showed that latitude and phosphate were significant conditional effects with P values of 0.012 and 0.03, respectively.
The biplot of species scores from water samples and environmental vectors separated the thalassiosiroid species (Fig. 3A) . Minidiscus trioculatus, Thalassiosira angulata, Thalassiosira cf. minima, Thalassiosira allenii and Thalassiosira curviseriata were associated with higher temperatures; while Thalassiosira aff. antarctica, Thalassiosira cf. guillardii, T. antarctica var. borealis and Thalassiosira pacifica were associated with lower temperatures. Thalassiosira aff. antarctica, T. aff . guillardii and T. antarctica var. borealis were all associated with high-nutrient concentrations. In contrast, Minidiscus variabilis and T. gravida were associated with the lowest nutrient concentrations. Latitude was negatively associated with temperature, and species with stronger positive association with temperature were associated with lower latitudes. A scatter plot of sample scores (Fig. 3B) showed a clear separation of the two Oceans along Axis 1, with the North Atlantic and Arctic regions spanning the vertical axis 2.
In addition to CCA ordination, t-value biplots (Fig. 3C,D) were performed on Arctic and North Atlantic water-column datasets to further test for potential relationships between the environmental variables and species. Van Dobben circles were plotted for each significant environmental value, with latitude and SiO 4 shown in Fig. 3C and D and Fig. S4A and B. Temperature followed the predictions from latitude and PO 4 with SiO 4 . These circles indicate an expected statistically significant increase in species abundance with an increase along environmental vector direction or decrease in the opposite direction, provided the species axis ends within the perimeter of positive (red) or negative (blue) circles, respectively. This analysis suggests that the abundances of S. bioculatus, T. nordenskioeldii and Skeletonema aff. japonicum increase with higher latitudes (Fig. 3C) , while the inverse relationship holds for M. trioculatus, T. angulata, T. allenii, T. curviseriata, T. hyalina, Bacterosira bathyomphala and T. aff. minima. Furthermore, T. gravida, S. bioculatus and Skeletonema aff. japonicum (Fig. 3D ) appear to be thriving at lower silicate concentrations, while B. bathyomphala may be more abundant at greater silicate concentrations.
D I S C U S S I O N Thalassiosirales biogeography
For more than 100 years, thalassiosiroids have been recorded from the Arctic and North Atlantic, with more than 30 morphologically delineated species being reported in peer-reviewed literature (Table S4 ) from the study regions sampled here. This may be an underestimation, as 47 thalassiosiroid species are reported when Fig. 2 . Heat map of Thalassiosirales reads from the sea ice (blue, upper section), the North Atlantic (red, lower section) and the Arctic (all others). The sea-ice station with suffix "S" is from under-ice attached community. Clustering was done using Bray-Curtis hierarchical clustering. The heat map was constructed using relative abundances of the HTS reads. grey literature is included (M. Poulin, personal communication). Using a combination of single-cell isolation and HTS, we retrieved 22 taxa. Six of these taxa could not be unambiguously attributed to any currently described species from either region due to lack of reference sequences in GenBank or unusual valve morphology (see Supplementary Text T1). Considering the relatively limited sampling period, we likely retrieved the majority of species present in the water column at the times sampled, with some predictable exceptions. For example, larger species may be missing because the 52 µm pre-filtration step used to exclude zooplankton might have also filtered out larger diatom cells. In addition, species with heavily silicified frustules may have resisted breakage and release of cell contents, including DNA (Medinger et al., 2010) . For example, Planktoniella sol was observed microscopically in the Scotia Shelf samples and isolated on several occasions but did not amplify using our single-cell approach and was absent from the environmental DNA reads. Optimization of collection, extraction and primer selection for diatom species would likely increase the number of taxa recovered, but currently at least for the larger diatoms net tows and microscopy remain valuable.
Several of the species reported from earlier studies, but not here, are probably missing as a consequence of Fig. 3 . CCA ordination diagrams of the examined Arctic and North Atlantic thalassiosiroids, run on log transformed species-read count data with down-weighting of rare species and local seawater physico-chemistry. Biplot of species and significant environmental variables, note that line arrows extend in both direction but are only shown in one quadrate to avoid clutter (A); sample scores (B; North Atlantic-green squares; Arctic-black circles); t-value biplots for latitude (C) and silica (D) are shown with van Dobben circles (red area showing significant positive and blue area showing significant negative relationships). Axes in all plots are CCA axis 1 (horizontal) and CCA axis 2 (vertical). See Table III for species labels.
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recent taxonomic revisions. For instance, Skeletonema costatum is reported from both regions (von Quillfeldt, 2000) but this genus has since been revised using both morphological and genetic approaches, and the earlier reports of S. costatum were likely Skeletonema marinoi (Sarno et al., 2005) , which we observed. Other Thalassiosirales species reported from the Arctic such as Detonula confervacea, Thalassiosira baltica and Thalassiosira bulbosa were not encountered in our microscopical analysis, and the lack of reference sequences makes it is impossible to tell whether they were missed due to lack of variability in the targeted V4 gene region or genuine absence during the relatively short temporal coverage of our sampling. Finally, other recorded genera are normally freshwater (e.g. Cyclotella, Stephanodiscus) and would not be expected in offshore plankton. Despite these exceptions, compared to classical methods, we documented the occurrence of not only rarer species (Sogin et al., 2006) , but also many smaller species, such as T. allenii, T. angulata, T. curviseriata, S. marinoi and M. trioculatus. These diatoms are poorly identified when using the routine Utermöhl-method of plankton cell enumeration and identification by light microscope because when cell content is preserved, which is necessary for enumeration of "live" cells, many diagnostic characters of diatom frustules are obscured by the protoplast.
Although sea-ice diatom communities may develop in sub-polar regions (Poulin et al., 1983; Robineau et al., 1997) , they differ taxonomically from those in the high Arctic (Poulin et al., 1983; Smith et al., 1990; Legendre et al., 1992; Robineau et al., 1997) . Generally, Arctic seaice diatom communities are dominated by pennates (Melnikov, 1997; Comeau et al., 2013) while watercolumn samples tend to have greater representation of centric diatoms. Still, in Polar Regions the relationship between sea ice and the water column remains unclear, and thalassiosiroids are reported from both, although rare in sea ice (Horner and Schrader, 1982; Medlin and Hasle, 1990; von Quillfeldt, 2000) . Here, using HTS, we found that similar assemblages of thalassiosirods from sea ice and SCM water-column samples collected when sea ice was either forming or melting: from November and late-March to June in Amundsen Gulf, and later October samples from northern Baffin Bay. While Cyclotella spp., T. decipiens and T. nordenskioeldii are sometimes reported from sea-ice and under-ice surfaces by LM studies (Melnikov, 1997) , they are usually in the form of resting stages (von Quillfeldt et al., 2003) , suggesting passive incorporation into ice. Neither T. decipiens nor Cyclotella sequences were found in our HTS samples. Thalassiosira nordenskioeldii was present in the sea ice and ice-associated Arctic water samples, but it was much more prevalent and usually the dominant Thalassiosira species in the North Atlantic and Summer Arctic group of samples. In contrast, reads of Thalassiosira aff. guillardii (Figs S2A-B) were retrieved from most of the sea-ice samples (25% of all thalassiosiroid taxa) but were not found in the North Atlantic samples (Fig. 2) . For these reasons, T. aff. guillardii appears to be the best representative thalassiosiroid in the iceassociated community and a candidate bio-indicator species for Arctic ice-associated conditions. The lack of earlier reports of its presence could be due to misidentification of this smaller (<10 µm in diameter) species in light-microscopic studies, or it may have been overlooked in studies that focus on the pennate sea-ice community.
Two other species seen in the Arctic samples were not found in our North Atlantic samples. T. pacifica was rare and has been previously recorded in the Arctic (von Quillfeldt, 2000; Katsuki et al., 2009) . This may be a predominantly Pacific species that persists in the Pacificderived water in the Western Arctic (Carmack et al., 2010) . T. aff. antarctica could be a strictly Arctic species along with T. aff. guillardii, both of which may prove to be species new to science (see Supplementary Text T1). Interestingly, Lovejoy (2014, 2015) found that several heterotrophic protist groups in the water column were associated with proximity to sea ice, and the two Arctic Thalassiosirales may be part of a distinctive ice-associated community of microbial eukaryotes characteristic of the Arctic.
Environmental selection of specific taxa would be consistent with reads of T. antarctica var. borealis and T. aff. antarctica, which were relatively more common in the Arctic than the North Atlantic, and linked to higher silicate levels (Fig. 3A) . Among species more frequent in one ocean compared to the other was Thalassiosira cf. hispida, which was much more common in the Arctic compared to the Atlantic. A BLAST search using CCMP 986 ( JX437373) of NCBI nr database (20 May 2015) revealed that all hits with 100% similarity to this taxa were also from the Arctic, although in our study we detected a few reads from the inner Scotia Shelf.
Five species from the North Atlantic were never recovered from Arctic samples, suggesting temperature or other factors limiting their distributions. Additionally, P. sol, a potential indicator of Gulf Stream waters (Subba Rao, 1975) , was identified microscopically from the offshore Scotia shelf samples, in a region normally north of the Gulf Stream. Dasilva et al. (2013) had previously reported the occurrence of Prochlorococcus, at the same station, which is also associated with warmer waters, but from offshore autumn samples. The presence of P. sol suggests more persistent Gulf Stream incursions or eddies.
While Hamilton et al. (2015) developed a single-cell PCR amplification method recovering three genes from both fresh and preserved materials, they cite only a handful of similar studies, none utilizing HTS or applying their sampling effort over a similarly large scale as our study. The combination of HTS with single-cell PCR used here highlights the degree of taxonomic accuracy that is possible with the V4 region of the 18 S rRNA gene and greatly needed in community-centred ecological studies. The serious consequences of incorrect taxonomy in ecological studies have most recently been eloquently illustrated by Bortolus (2008) . It is a relatively common practice to apply a 2% (or even higher) sequence dissimilarity as a cut-off level for the separation of OTUs in bio-geographic and diversity studies (Caron et al., 2009; Huse et al., 2010) . This conservative approach is meant to minimize overestimating species diversity generated by sequencing errors (Reeder and Knight, 2009; Kunin et al., 2010) . Here, a 2% dissimilarity cut-off would have resulted in only 11 OTUs among the 22 taxa that we identified. More significantly, the 98% similarity level would have generated an OTU that combined three genera and five species: T. antarctica, T. angulata, M. trioculatus, M. variabilis and S. bioculatus, each with presumably different niche requirements. In addition, we found that within GenBank there were sequences labelled as T. antarctica belonging to two separate taxa that are morphologically and ecologically distinct (Hasle, 1978; Fryxell et al., 1981; Supplementary Text T1) . Thalassiosira nordenskioeldii and B. bathyomphala are another case where a 2% difference threshold would have merged these very distinct (morphologically and ecologically) species, preventing their potential utility as bio-indicators. Lowering the cut-off level to an arbitrary 1% would have delineated 15 OTUs, but still short of the 22 taxa we recovered genetically. Matching morphologically delineated species with their sequences was possible in our study by employing a character-based approach in conjunction with curated reference sequences (Luddington et al., 2012) , developed for species-and community-centred ecological studies.
The ITS sequences supported V4-based species assignations and went further, enabling the identification of intra-specific variants in four species from both the Arctic and the North Atlantic: S. bioculatus, P. glacialis, T. nordenskioeldii and T. gravida. The detailed analysis indicated the utility of wider comparisons using available cultured strains. For example, based on morphological studies, Thalassiosira rotula has been proposed to be a heterotypic synonym of T. gravida (Syvertsen, 1977; Sar et al., 2011) , but given the genetic divergence within the ITS region (4%), it is our view that both T. gravida and T. rotula may exist as separate species but their morphological and/or physiological diagnostic characters have not yet been found, consistent with the findings of Whittaker et al. (2012) . A global genetic-based revision for this species group is needed given the importance of understanding the paleo-oceanographic distributions of sea ice and the importance of thalassiosiroids as proxies (Weckström et al., 2014) .
Relative abundance
We considered relative proportions of reads matching a particular species as an indication of species abundance; however, we appreciate that the PCR step may introduce biases (Potvin and Lovejoy, 2009) , and that genomes vary in the number of 18 S rRNA gene copies, confounding abundance estimates (Amend et al., 2010; Medinger et al., 2010) . Similar to other eukaryotes (Koonin, 2009 ) that may vary in size up to 100 000-fold (Eddy, 2012) , there are differences in both cell size and genome size among Thalassiosira species (von Dassow et al., 2008) . However, genome size, gene number and organism complexity do not correlate in eukaryotes (Bowen and Jordan, 2002; Eddy, 2012) because a substantial fraction of DNA in eukaryotic genomes consists of non-coding, intergenic sequences. We are not aware of a published indication that Thalassiosirales are an exception. Katju and Lynch (2003) postulated that recently evolved, closely related taxa would be less likely to differ greatly in rRNA gene copy number, and while genome duplications (polyploidy or aneuploidy) have been documented among diatoms (Koester et al., 2010) and Thalassiosira (von Dassow et al., 2008) , this would only increase number of genes or gene copies for a particular gene by a few-fold, not by, for example 1000-fold if a genome size is a thousand times greater.
We stress that comparisons of read frequency should be considered only as relative; however, we did find some similarity between historical LM-based records and relative Thalassiosirales abundance (by number of reads) in the North Atlantic. For example, for the Halifax transect, T. nordenskioeldii (Fig. 2) had fewest reads offshore at station HL10. In the same region, Gran and Braarud (1935) also noted that, by April, up to 10% of T. nordenskioeldii cells at the deeper offshore stations were as resting spores, indicating that the bloom in offshore regions ends earlier in the season compared to nearer the coast. This was also consistent with the more extensive study by Dasilva et al. (2013) , who used clone library molecular data from both surface and SCM to show that the offshore Halifax stations resembled low abundance summer assemblages, while the inshore stations were more typical of a spring bloom, with higher Chl a concentrations and a high proportion of diatoms.
Our molecular results are somewhat inconsistent with historical records for T. gravida, which has been reported as abundant in the Arctic from light microscopy-based studies (Hsaio, 1980; Katsuki et al., 2009) . Here, we found that T. gravida reads were common in the North Atlantic samples, but only present in the boreal communities in the Arctic (Fig. 2) . Although we cannot rule out spatial or inter-annual variability, the anomaly would be consistent with the difficulty discerning vegetative valves of T. gravida from T. antarctica var. borealis (von Quillfeldt, 2001) and subsequent possible over reporting of T. gravida in the Arctic literature. The same may well be true of T. antarctica var. borealis and T. hyalina (von Quillfeldt, 2001 ) and in combination compromise some historical records and the significance of these diatoms in Arctic ecology. In contrast, T. gravida, T. antarctica var. borealis and T. hyalina are all readily separated using the V4 region of the 18 S rRNA gene (Luddington et al., 2012) , and published distributions and abundance of these species based only on morphology may need reassessment (Supplementary Text 1) .
The two main CCA analysis explained ca. 40% of the variation in our species data with environmental variables, implying that these variables were significant predictors of the presence of certain thalassiosiroids in the study regions. In comparison, 29-52% variance has been explained in both freshwater and marine experimental and field studies (Kaczmarska et al., 2000; Kaczmarska et al., 2007) , all relatively high compared to a number of other field studies (Jongman et al., 1995) . Latitude and phosphate, in particular, were suggestive of a species-filtering effect at high latitudes. Comparatively phosphate-rich Arctic water flows to the North Atlantic Ocean (Yamamoto-Kawai et al., 2006) and either phosphate concentrations are a tracer of Arctic waters or nutrient concentrations may influence the distribution of Thalassiosirales. In particular, T. aff. guillardii, T. aff. antarctica and T. antarctica var. borealis may be favoured by higher silicate and phosphate concentrations that characterize Arctic waters, whereas M. variabilis and T. gravida are found at lower nutrient concentrations.
Temperature and latitude associated with CCA axis 1 segregated northern species (T. guillardii, T. aff. antarctica, T. antarctica var. borealis and T. pacifica) that were more common in higher latitudes (and lower temperatures), from M. trioculatus, T. angulata, T. allenii, T. aff. minima, T. curviseriata, which are more common further south, where seawater temperatures are warmer. This is consistent with the known distribution of these morphospecies with the exception of T. hyalina, which is considered to be an Arctic species though it has been reported from blooms as far south as the Gulf of Maine (Gran and Braarud, 1935) , albeit episodically. Overall, our analysis suggests that the northern species are more common in the north compared to the south, but few of these species were uniquely found in the Arctic. Species assemblages that include the mainly Arctic T. aff. guillardii and T. aff. antarctica would be the most useful in interpreting past or present Arctic limits. While latitude and temperature were significant in our analysis, they may be a proxy for other unidentified environmental or biological variables, including grazer assemblages or light regimes. Rynearson et al. (2006) reported that isolates of Ditylum brightwellii from Puget Sound, Washington, USA showed intra-specific variability within the ITS region but were identical in the 18 S rRNA. In that system, the variants corresponded to cells with differential preferences to light and nutrient levels. More recently, Koester et al. (2010) showed that co-occurring populations of D. brightwellii had 2-fold differences in genome size, which they propose contributes to genome duplication-driven speciation in this group. Ribosomal ITS variants may also provide insights on a species biogeography (Nieto et al., 2004; Whittaker et al., 2012) . In our study, ITS variants were detected in T. nordenskioeldii, T. gravida, S. bioculatus and P. glacialis (Table S3 ). However, all of these ITS variants were recovered from both the Arctic and the North Atlantic study regions, suggesting geographically widespread populations that intermix. Further culture work would be required to test whether the ITS variants have different optimal growth conditions.
Overall 18 species were common to both oceans, and as reported in classical and more recent reports based on microscopy, T. nordenskioeldii, T. hyalina and P. glacialis were ubiquitous (Gran and Braarud, 1935; Bigelow et al., 1940; Hulburt, 1964; von Quillfeldt, 2000; Katsuki et al., 2009) . We also found that despite significant geographical distance, ca. 4000 km between our collection sites, common Arctic and North Atlantic Thalassiosirales taxa were also genetically similar at the intra-specific level. The occurrence of the similarly genetically structured species assemblages in the spring North Atlantic and summer Arctic suggests a metacommunity consisting of diatoms able to tolerate a wide range of light and nutrient conditions and survive longrange transport. Degerlund and Eilertsen (2010) noted that the morphospecies composition of spring phytoplankton blooms of the Eastern Atlantic (Norwegian Coast) and those of the neighbouring Arctic Barents Sea (68-80°N) were similar, with maximum similarity in April when sea-ice northward retreat began. Kilias et al. (2013) observed similar community composition in Fram Strait, east of Greenland, in the summer season. We found that the thalassiosiroids from the Western Arctic and Canadian Arctic Archipelago in summer and fall were similar to the spring North Atlantic communities in the following spring, suggesting that southward moving Arctic waters of the Labrador Current supply thalassiosiroids for the following spring bloom, at least along the Scotia Shelf. In contrast, the eastern North Atlantic could resupply Arctic-associated plankton via northward moving currents. For example, Atlanticinfluenced Norwegian Sea water entering Fram Straight would explain the similarity of communities in the spring Barents Sea with those of the North Atlantic (Orvik and Niiler, 2002) .
A close relationship between North Atlantic phytoplankton bloom timing and changes in wind-driven oscillation in the Arctic (Timmermans et al., 2011) may also influence species occurrences. For example, following a 5-year cyclonic circulation phase and salinity anomaly (Proshutinsky and Johnson, 1997) , phytoplankton blooms were initiated later in the season in the North Atlantic in the mid-1980s, while in the 1990s (Zhai et al., 2013) and following a 4-year anticyclonic phase, blooms in the North Atlantic were initiated earlier in the season (Proshutinsky and Johnson, 1997) . Such differences in timing could also influence the timing and magnitude of different species transported to the North Atlantic from the Arctic. Long-term spatial and temporal declines in ice-cover, especially during anticyclonic Arctic Ocean phases (Germe et al., 2011) , could also increase Arctic Ocean phytoplankton primary production (Wassmann et al., 2011) , particularly in coastal shelf regions (Arrigo et al., 2008) . Over the long term, this scenario could result in more export of phytoplankton biomass towards the sediment (Diaz and Rosenberg, 2008) , and fewer nutrients, especially phosphorus, entering the North Atlantic (Yamamoto-Kawai et al., 2006) .
The Arctic Ocean has experienced unprecedented warming in the last decades (Tingley and Huybers, 2013) with the most dramatic declines in multiyear seaice volume since the era of satellite imaging (Meier et al., 2007; Overland and Wang, 2013) . The region is considered among the most precarious of Earth's ecosystems (McGuire et al., 2006) , with climate models forecasting accelerated warming compared to lower latitudes (Holland and Bitz, 2003) . The season of production by the truly Arctic sea-ice diatoms is likely to shorten, to the detriment of higher trophic levels that depend on sea-ice algae Darnis et al., 2012) , especially if phytoplankton blooms occur earlier (Kahru et al., 2011) . In light of potential warming in the Arctic, the sea-ice coverage is bound to decline, and consequently the similarity between the summer and autumn in the Arctic and the following spring in the North Atlantic will strengthen. This work provides the base-line reference for future species/communitycentred studies of Thalassiosirales and the means to track changes at species level for taxa belonging to these ecologically important and consistent members of the plankton and sea-ice communities.
C O N C L U S I O N S
In conclusion, using HTS and single-cell PCR combined with vouchered specimens we identified 22 species and 19 697 sequences of Thalassiosirales in 34 samples spanning about 4000 km of Arctic and North Atlantic waters, bridging the disconnect between classical and genetic approaches in plankton ecology. In addition to species found in both oceanic regions, we found two distinct communities of Thalassiosirales: the first from sea-ice and ice-influenced water columns and a second Arctic late summer and North Atlantic spring community. Our Thalassiosirales formed genetically coherent BorealArctic meta-communities, inclusive of intra-specific variants. Local patterns of spatial and temporal distributions of planktonic thalassiosiroids were best explained by latitudinal gradients, and seawater concentrations of silicates and phosphates. This suggests that climate-mediated changes in Arctic and North Atlantic hydrography could have a marked effect on species distribution. We also demonstrate the need for taxonomic revision (utilizing both morphological and genetic approaches) of several species complexes reported from the region before they can be reliably used as bio-indicators. Finally, we established that at least two different genetic entities called T. antarctica exist in Arctic plankton. Consequently, one of them, Thalassiosira antarctica var. borealis Fryxell, Doucett and Hubbard, was epitypified while the other was assigned the name T. aff. antarctica until such time when vouchered specimens of T. antarctica from the Antarctic Ocean will be examined genetically.
D A T A A R C H I V I N G
Sanger sequencing data is archived in GenBank, accession numbers are given in Supplementary Table S2 .
Raw reads for HTS have been archived in the GenBank SRA with details provided at the end of the methods section. Epitype images of CCMP982, Thalassiosira antarctica var. borealis Fryxell, Doucette and Hubbard are depostited in the Botanic Gardens and Botanical Museum (BGBM) in Berlin-Dahlem, Berlin under B 40 004695.
S U P P L E M E N T A R Y D A T A
Supplementary data can be found online at http://plankt.oxfordjournals.org.
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